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3(54) Quantum dot computing elements 

(57) There is provided by this invention logic and 
memory elements of atomic or near-atomic scale useful 
in computer central processing units. These elements 
consist of two quantum dots having opposite states and 
a third quantum dot situated between the two quantum 
dots and in physical contact with them. The third quan- 
tum dot is of a material which makes the opposite states 
of the first two quantum dots energetically favorable. In 
particular, there is provided by the invention a spin flip- 
flop suitable for use as electronic logic and memory in a 
quantum computer. The spin flip-flop is designed to have 
two highly stable states; encoded entirely in the arrange- 



FIG. 1 



ment of electronic spins in the structure. Switching 
between the two states is accomplished by fast electro- 
magnetic pulsing generally and by optical pulsing in the 
case of the spin flip-flop. The two stable states are the 
up-down and the down-up spin states of two single elec- 
trons placed into two neighboring electronic quantum 
dots typically by doping or by a field effect. The operation 
of the device is facilitated and stabilized by the presence 
of a small particle or dot of an antiferromagnetic material 
placed between the two electronic dots, and in physical 
contact with both of them. 
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Description 

Background of the Invention 

This invention relates to data and logic elements for a central processor using atomic-scale or near-atomic-scale 

^Tco'nventional computers, eiectrica. charge or its absence represent the 0's and 1 's used in the binary langtage 
of damage In a quantum computer, the energy levels of individual particles or clusters of part,cles would represent 
^ TtoSn. Wording to quotum mechanics such energy levels are discrete states. Thus, the ground or down 
w state would represent a 0 and the excited or up state would represent a 1. 
... Tnere is oresently no satisfactory physical implementation for the data and logic elements of a central processor 
trtZSX^ Such an implementation would be n«*dtobuid processors which 

are smaller and faster than any which can be built in existing semiconductor transistor technology. 

75 Summary o f the Invention 

There is orovided by this invention logic and memory elements of atomic or near-atomic scale useful in computer 
cenJal oraceSg units Each element consists of two quantum dots having opposite states and a third quantum dot 
^mSSX^2o quantum dots and in physic* contact with them. The third quantum dot ,s of a materia. wh«h 
maSfthe wosi e states of the first two quantum dots energetically favorable. In particular, there ,s proved by the 
Mention a spin flip-flop suitable for use as electronic logic and memory in a quantum computer. The spin flip-flop .s 
denned Xo ZXo hignly stable states, encoded entirely in the arrangement of electronic sp.ns in the structure. 
Swi cn^q beSeenTe two states is accomplished by fast electromagnetic pulsing generally and by optical pulsing in 
the Sse o fSTSSyS Th. two stable states are the up-down and the down-up spin states of two single ^ctrons 
placi fnto tToTeighboring electronic quantum dots typically by doping or by a field effect. The opera .on of the device 
fs facltati land stylized by the presence of a smal. particle or dot of an anti-ferromagnet 1C matenal placed between 
the two electronic dots, and in physical contact with both of them. 

Brief descrip tion of the Drawings 

Other features and advantages of the present invention Will be apparent from the following description taken in 
connection with the accompanying drawings, wherein: 

FIG. 1 is a schematic, plan view representation of a three dot spin flip-flop computing element; 

FIG. 2 is an energy-level diagram depicting the switching process of a three dot spin flip-flop computing element; 

FIG. 3 is a one-dimensional cross section illustration of one embodiment of the present invention produced by the 
use of semiconductor thin-film-deposition tech-nology. 

Detailed Description gt the Invention 

A quantum dot is a small piece of a substance (commonly a semiconductor such as Si or Gate, but possibly also 
a mete ^magnet or a'n antiferromagnet) having a smal, size (typically between 1nm and 10nrn ,n d*"^*"""; 
These small dimensions may be achieved by photolithography, etching, shadow masking, thin f,lm deposition, or any of 
I numbeT o o ^techniques available today in the materials processing and semiconductor industries. Th. , quantum 
doHs distinguished functionally by having only a few discrete states in which it can exist, for example, having one or 
ze o eSra eSons having an excess spin up or down, having its magnetization vector point up or down or having an 

or other comro^evices. The quantum dot. however, is defined by its inherent characteristics, not by the nature of the 

C °^h d re V eS computing element of the present invention, the spin flip-flop is shown in FIG. 1 Where dots 1C > and 20 
are one electron quahtum dots, dot 30 is an insulating anWerromagnetic dot and dots 40 and 50 are in terconnect ng 
dots. The three dot design of the present invention has an intrinsic method for stabilizing the two states 
of dots 10 and 20. In particular, antiferromagnetic dot 30 has at least the following three properties: 

a) the state of the computing element is encoded by thousands or tens of thousands of individual electrons in 30, 
and is thus a very stable method of encoding; 
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b) despite its relatively large size dot 30 can switch very fast (on the order of 800 fsec) because of the intrinsic 
physics of antiferromagnetic systems; and 

c) antiferromagnetic dots 40 and 50 provide a very reliable and robust means of interconnecting neighboring com- 
5 puting elements. 

The interaction mechanism exploited in the present invention is "direct exchange", arising quantum-mechanically 
from the direct overlap (and resulting operation of the Paul i exclusion principle) between the electron in the one-electron 
quantum dot and the electrons in the antiferromagnet. It is expected from quantum-mechanical theory, and it is known 

io from empirical study, that this is a very stable form of interconnection, with the interaction strength depending linearly 
on the overlap area between dots 10 and 30 or 10 and 40 which area can be fairly large (perhaps several hundred or 
so squared-nm's). Further, in the present invention, since antiferromagnetic dots 30, 40 and 50 are electrically insulating 
no leakout of electrons from the quantum dots is permitted. 

It is envisioned that the device may be fabricated by extensions of the present art in semiconductor fabrication 

15 technology. Having been so fabricated, the energy levels and dynamics of the device can be described using the following 
approximate Hamiltonian: 

H-ig A lx B H^+J A £)** A + {g B v B H^ + J A £)&-Kc^i*-4>& 

20 



Here g A and g^re the g-factors of the electrons in dots 1 0 and 20, which are assumed to be made different by using 

25 different semiconductor compositions, different shapes, and/or different sizes for dots 10 and 20; H exr is the externally 
applied magnetic field, assumed to be applied in the Z direction, J^^and Jec are the aforementioned exchange coupling 
interactions, which are assumed to have opposite signs. This may be accomplished, for example, by causing dots 10 
and 20 to be in intimate physical contact with different atomic layers of a layered antiferromagnet in dot 30. $ is a unit 
vector in the direction in which this exchange interaction acts, which denotes the direction of the N6el vector in antrfer- 

30 romagnetic dot 30; it is a c-number in the present approximation. dA.B are the spin- 1/2 quantum operators representing 
the spins of the two electrons in the electron quantum dots 10 and 20. The final term of the equation represents the 
magnetic anisotropy energy of the antiferromagnet 30. It is assumed to be uniaxial with amplitude K c . The easy axis of 
the antiferromagnet is not assumed to be colinear with but is taken to be tipped from it by angle <(>o. 

The four energy levels of the two electrons as a function of the angle of the N6el vector $\s shown in FIG. 2. The 

35 action of the flip-flop proceeds as follows. Suppose that the system begins in its ground state F. The system can be 
pumped by an electromagnetic pulse with frequency co 1( which will flip over the spin of dot 10, placing the system in 
excited state G. In this state the antiferromagnet 30 has a torque exerted on it, which is given by the slope of the curve 
at G. The system will therefore travel down path P 1f at the rate determined by the moment of inertia of antiferromagnetic 
dot 30, and by the magnitude of frictional forces in the system. During this evolution, the states of the two spins on 10 

40 and 20 will rotate adiabatically as the N6el vector rotates. The system will reach a metastable state H, which will relax 
back to state I by spontaneous or stimulated emission of radiation at frequency o> 2 . By further adiabatic rotation, the 
system will arrive at state J. State J is distinct from state F, has higher energy than it, but is highly stable with respect to 
relaxation to state F. States J and F are the two states of the flip-flop. 

An exactly analogous process permits the system to be switched back, involving absorption at frequency 003, adia- 

45 batic relaxation along path P3, emission of radiation of frequency co 4 , and further relaxation to final state N, which is 
identical to F. The Hamiltonian as specified permits all the frequencies co,to be distinct, which assists in the controlled 
switching of the device. 

FIG. 3 shows a one-dimensional cross section of an implementation of the present invention using semi-conductor 
thin-film-deposition technology. The semiconductor PbTe has many of the correct materials parameters to be used for 

so the one-electron quantum dots, while EuTe has many of the correct parameters to be used for the antiferromagnetic 
dote. Layer 60 is created by first depositing a uniform thin film of PbTe on substrate 55, then by suitable patterning 
techniques (e-beam lithography, x-ray lithography, holography), selectively removing PbTe material, leaving behind dots 
62 of PbTe with lateral dimensions on the order of a few 10's of nm. The gaps may be filled in with another wide-gap, 
non-magnetic semiconductor such as ZnTe shown at 64. Substrate 55 should be a wide-gap, non-magnetic semicon- 

55 ductor having a good lattice match with the semiconductors of layer 60. Layer 60 should then be "planarized" to complete 
layer 60 and leave an atomically smooth surface for layer 70. 

The deposition of layer 70 involves the same steps as for layer 60 except EuTe, 72, an antiferromagnetic insulator, 
is substituted for PbTe. The desired thickness of layer 70 (about 1 .5 nm) should be less than layer 60. Layer 70 may be 
deposited, for example by the use of the molecular beam epitaxy (MBE) deposition technique. For the spin flip-flop to 
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function proper, lay* 70 mu* have an =J ^^^^^^X^^ 
cussed in the paper by Chen, et al.. n Sold State ^^^^^^ £ The three dot device must also be 
herein incorporated by reference. Layer * ™ be done, for example, by introducing dopante 
gated or doped to supply electrons to quantum d °^2 a"d 82^ h may ^ be pfov|ded 

Tnto the substrate, into the wide-gap, "on-magne^ be gated or doped, 

with an encapsulant over the surface of surface 80 whch encapsulant m y interc0 nnection dots 40 

As shown in F.G. 3, the antiferromagnetic dot » «h 1 j ^r 70 of FIG. 3 corresponds to dot 40 
and 50, are thereby created. Particularly, the f .rst. left -mosX\ EuTe D) dot 72 ^ J Qf F|Q 1 . and ^ 

of FIG. 1; the first PbTe (A) dot 62 of layer 60 ,n to dot 30 of FIG. 1. It should be ~" 

second EuTe (C) dot 72 of layer 70 .n f^ rt ^1*^ doi STe f ir^PbTe dot is less, by design to preserve 
noted from FIG. 3 that the contact area (A,) between thef rst EuTe dot *<*™ and the secon d EuTe . 

the structure of the energy levels of FIG. 2, than ,the , conft* area (A ^e^e«n the U ^ ^ ^ (Q ^ 

dot. Similarly, progressing to the right ^* M ^^^ t ^Z shown in F.G.3. the interface area (A^ 
in layer 70 correspond to dots 20 and 50 ^J^ Qr ^^ 6esi gn. than the interface area (A,) of the 
between the EuTe dot of layer 70 and the PbTe dot of layer 80 9 eriod R , as indicated in FIG. 3A. The 
PbTe dot of layer 80 and the next-most EuTe dot. The structu f ?;f^ e * ^ e g ., general purpose logic, modifi- 
device of FIG. 3 contemplates use as a memory ^Jfr^fifZ^* is known in the ^ 
cations in the physical parameters of «^2E££rS^^!* as F or J of FIG. 2, which represents. 
Data is read into the spin flip-flop of FIG. 3 by setting it to a J*^"r*V ftat „ is desire d to place the device 

i, to placed on the upper energy surface at point O. * it was in sBtei r ^nro ■ » ^ h ^ 

Zrg, -torn the electromagnetic pu,se. lit* ££S££^S£S» amoon, of electromagnetic 

T- SS - « *Q - - *na. art that .od.ioattons p. H. Invention tna, Pe — 

departing from the essential scope of this invention. 
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Claims 



1 A logic element comprising: 
' a first quantum dot of a first normal state; _ that of said first state; and 

dots, said third dot being an insulator. 
2. Tne logic *en»nt « Cairn , wherein -id M notnrai state has one ettta and ea*, sepond norma, m. 

45 has zero extra electrons. 

" . The ,c* element p, claim t ^aatd^qu^ntdpttap. an.^^nta^^oppcaK.e^^P.at, 
first and second quantum dots energetically favorable. 
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7. A spin flip-flop logic element comprising: 

a first quantum dot having an excess electron spin of a first orientation; 

a second quantum dot having a second excess electron spin of a second orientation, said second orientation being 
opposite to that of said first orientation; and 
5 a third quantum dot situate between said first and second dots and in physical contact with said first and second 

dots, said third dot being a wide-gap, antiferromagnetic semiconductor.. 

8. A method of making a computer logic element comprising: 

.10 a. depositing a first thin .layer of..a first semiconductor on a substrate;, _ . 

b. selectively removing segments of said first layer thereby leaving gaps between the remaining segments of 
the first semiconductor; 

c. depositing a wide-gap, non-magnetic second semiconductor into said gaps; 

d. planarizing the surface of said first layer; 

is e. depositing a second thin layer of a wide-gap, antiferromagnetic semiconductor over said first layer; 

f. selectively removing segments of said second layer thereby leaving gaps between the remaining segments 
of the wide-gap, antiferromagnetic semiconductor and whereby each segment of said wide-gap, antiferromag- 
netic semiconductor is at least in physical contact with a corresponding segment of the first semiconductor of 
the first layer; 

20 g. depositing a wide-gap, non-magnetic secdnd'semicohductor into said gaps made in step f; 

h. planarizing the surface of said second layer; 

i. depositing a third thin layer of the first semiconductor over said second layer; 

j. selectively removing segments of said third layer thereby leaving gaps between the remaining segments of 
the first semiconductor of the third layer whereby each segment of said first semiconductor of the third layer is 
25 in physical contact with a corresponding segment of the wide-gap, antiferromagnetic semiconductor of the sec- 

ond layer; and 

k. depositing said second semiconductor into said gaps in said third layer. 

9. The method of claim 8 further including the step of encapsulating said element. 

30 

10. - The method of claim 8 including the further step of gating said substrate and said encapsulant. 

1 1 . The method of claim 8 wherein said substrate is a wide-gap, non-magnetic semiconductor having a good lattice 
match with the semiconductors of said first layer. 

35 

12. The method of claim 8 wherein said first semi-conductor is PbTe, said wide-gap, non-magnetic second semicon- 
ductor is ZnTe, and said wide-gap antiferromagnetic semiconductor is EuTe. 
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